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Laboratory chambers used to study atmospheric chemistry
and aerosol formation are subject to wall loss of vapors and
particles thatmust be accounted for in calculating aerosol yields.
While particle wall loss in chambers is relatively well-
understood and routinely accounted for, that of vapor is less
so. Here we address experimental measurement and modeling
of vapor losses in environmental chambers. We identify two
compounds that exhibit wall loss: 2,3-epoxy-1,4-butanediol
(BEPOX), an analog of an important isoprene oxidation product;
and glyoxal, a common volatile organic compound oxidation
product. Dilution experiments show that BEPOX wall loss
is irreversible on short time scales but is reversible on long
time scales, and glyoxal wall loss is reversible for all time scales.
BEPOX exhibits minimal uptake onto clean chamber walls
under dry conditions, with increasing rates of uptake over the
life of an in-use chamber. By performing periodic BEPOX
wall loss experiments, it is possible to assess quantitatively
the aging of chamber walls.
Introduction
Laboratory chambers are used to elucidate atmospheric
chemical mechanisms and secondary organic aerosol (SOA)
formation (1). In experiments performed to measure volatile
organic compound (VOC) oxidation products and SOA yields,
VOC is oxidized, typically in the presence of seed particles,
and particle- and gas-phase concentrations and composition
are monitored. Such data allow calculation of the aerosol
yield or mass fraction, defined as the ratio of the mass of
aerosol formed to the mass of VOC reacted. Throughout an
experiment, particles and vapors are inevitably lost to the
chamber walls. Neglecting to account for these wall losses
can lead to underestimation of SOA yields.
The mechanisms of particle wall loss in chambers are
relatively well understood. Crump and Seinfeld (2) developed
the general theory of particle deposition to the walls of a
chamber. Later, McMurry and Rader (3) extended the Crump-
Seinfeld theory to include charging effects, and recently Pierce
et al. (4) have implemented a dynamic model of particle
behavior in a vessel. Physically, particles from the well-mixed
core of the chamber are transported through a boundary
layer adjacent to the wall by diffusion, gravitational settling,
and electrostatic forces. The degree of mixing in the chamber
governs the rate that particles move from the bulk of the
chamber to the boundary layer. Because it is difficult to
describe chamber mixing theoretically, experimental mea-
surements are used to determine the chamber mixing
characteristics. An effective method of experimentally char-
acterizing particle wall loss involves measuring the decay
rate of a population of polydisperse particles injected into
the chamber. The decay of particle concentration in each
size range is subsequently fitted to a first-order loss model
in terms of a wall loss coefficient, , as a function of particle
size, Dp (5, 6).
Vapor molecules present in a chamber can also deposit
on the walls, with a rate that depends on the molecular
diffusivity of the species, the thickness of the boundary layer
adjacent to the wall, and the concentration gradient in the
boundary layer. Whereas it is generally assumed that, upon
contact, particles adhere to the wall, not every vapor molecule
sticks to the chamber wall with unit efficiency. Vapor
molecules may also undergo reactions at the chamber wall,
influencing the rate of uptake. These processes are depicted
in Figure 1.
Relatively few studies exist devoted to measuring vapor-
phase wall uptake in environmental chambers. Chamber
walls, typically made of Teflon, have usually been assumed
to be clean and inert such that no vapor-phase uptake occurs
(e.g. ref 7); nevertheless, vapor uptake may occur on particles
that have deposited to the walls during a particular experi-
ment (8). Deposited particles and other species may also
remain on the chamber walls after continued use, despite
repeated baking and flushing. For example, McGarvey and
Shorten (9) found that some organic compounds adsorbed
to Tedlar sampling bags could not be removed completely
by flushing and heating. Maddalena et al. (10) observed
semivolatile compounds partitioned to Teflon exposure
chamber walls and experimentally determined an effective
volume, combining the chamber air and wall volumes, to
correct for wall loss. Because little is known about species-
wall interactions for most compounds, it is necessary to
calibrate wall loss on a case-by-case basis, similar to that for
particle wall loss.
We present here an experimental protocol to determine
the nature of wall loss of VOCs in laboratory chambers. We
study two compounds, both of which partition to the walls
but repartition to the gas phase on different time scales. Wall
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FIGURE 1. Sinks for a vapor-phase species, A, in a laboratory
chamber. The vapor can condense on suspended particles (1),
particles deposited on the chamber walls (2), and the surface
of the chamber walls (3). These processes may be reversible or
irreversible, as indicated by the dashed arrows.
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loss coefficients for each compound are determined experi-
mentally and are found to depend on humidity and chamber
aging characteristics. The derived wall loss coefficient is then
used to examine simultaneous uptake of a VOC by seed
particles and chamber walls to assess the magnitudes of each
process. By comparison with experimental data, an uptake
coefficient can be determined for the VOC onto seed particles.
The studies presented here suggest a protocol to characterize
the state of chamber walls over the lifetime of a chamber.
Experimental Section
The experiments reported here were performed in the Caltech
indoor, dual 28 m3 Teflon environmental chambers, details
of which are given elsewhere (5, 11). For these experiments,
the temperature of the chambers was held at 20((1)°C.
Two compounds were selected for study: (1) 2,3-epoxy-
1,4-butanediol (BEPOX) is the butadiene derivative of an
epoxydiol of isoprene (IEPOX), an important product of
isoprene photooxidation and one characteristic, more gen-
erally, of products of VOC oxidation that lead to SOA (12, 13);
and (2) glyoxal, a key atmospheric VOC oxidation product
(14, 15). BEPOX and glyoxal have been found to partition to
chamber walls on a time scale comparable to those of
photooxidation and aerosol uptake. BEPOX was synthesized
following methods detailed in ref 12 and injected into the
chamber by flowing clean air over a heated sample. BEPOX
concentration was monitored with chemical ionization mass
spectrometry (CIMS) in negative mode using CF3O- as a
reagent ion. Glyoxal was synthesized following methods
detailed in ref 16 and injected into the chamber in the gas
phase. Glyoxal was detected using the Madison Laser-Induced
Phosphorescence (LIP) Instrument (17).
To determine wall loss coefficients for BEPOX and glyoxal,
the compound was injected into a dark, clean chamber, and
its concentration was monitored over time. To study wall
loss reversibility, after BEPOX or glyoxal equilibrated with
the chamber walls, the chamber contents were diluted by
flushing with clean air. Isoprene exhibits negligible wall loss
(when isoprene was injected into a clean chamber, its
concentration remained constant for 15 h) and was added
as a dilution tracer. To detect isoprene, chamber air was
drawn through a 10 mL sample loop before injection onto
a HP-Plot-Q 15 m × 0.15 mmID × 40 µm thickness column
installed on a gas chromatograph equipped with a flame
ionization detector (GC/FID, Agilent 6890N). The GC re-
sponse was calibrated by vaporizing a known volume of
isoprene into a 55 L chamber.
In experiments to study BEPOX interactions with the
chamber walls and particles, acidic ammonium sulfate seed
particles were added before BEPOX injection by atomizing
a 0.1 M ammonium sulfate with 0.1 M sulfuric acid (AS+SA)
solution. The aerosol size distribution and number concen-
tration were measured continuously using a differential
mobility analyzer (DMA, TSI, Inc., 3081) coupled to a
condensation particle counter (CPC, TSI, Inc., 3760).
Results and Discussion
Vapor Wall Loss. Figure 2 shows first-order wall loss for
BEPOX as a function of RH measured in chambers that had
been in use for approximately 2 years. The first-order BEPOX
wall loss coefficient, kw, was found to vary linearly with RH
(see inset in Figure 2). After new chambers were installed in
May 2009, wall loss greatly decreased (Table 1). For dry
conditions (RH < 10%), no wall loss was seen immediately
after installing the new chambers. Over the next 5 months,
wall loss increased but remained less than that for the
previous chambers. Glyoxal wall loss, measured in chambers
that had been in use for approximately 1 year, is shown in
Figure 3. Under dry conditions, glyoxal wall loss was minimal,
with kw ) 9.6 × 10-7 s-1. However, at 61% RH, kw for glyoxal
was calculated as 4.7 × 10-5 s-1.
Different wall loss mechanisms were observed when
comparing dilution experiments for BEPOX and glyoxal. After
injection, both compounds underwent deposition to the
chamber walls. As the chamber was diluted, the BEPOX
concentration continued to decrease (see top panel of Figure
4). Initially, the BEPOX concentration is lower than the
predicted concentration for dilution as the only sink; however,
it is greater than the predicted concentration with both
dilution and wall loss (calculated from the predilution period
shown in the inset of the top panel). It is possible that the
wall loss rate decreased with the onset of dilution, which
could be a result of wall saturation. As shown in the inset,
BEPOX wall loss followed a first-order decay until dilution
began. The lack of nonlinearity suggests that the walls were
not saturated with BEPOX before dilution; it is unlikely that
the onset of dilution would cause the walls to become
saturated with BEPOX and change the wall loss rate sub-
stantially. After approximately 7 h, the rate of BEPOX decay
decreased to a rate less than the dilution rate. At this time,
FIGURE 2. First-order wall loss of BEPOX. The slope of the
lines fitted through each data set is the first-order wall loss
coefficient, kw. The inset shows the trend for BEPOX kw as a
function of RH.
TABLE 1. BEPOX Wall Loss Coefficients, kw, as a Function of
Chamber Age
date (2009) RH (%) kw (s-1) agea
03/07 10.0 3.68 × 10-5 110
05/14 11.5 ≈0 0
09/08 8.0 1.55 × 10-5 28
10/01 8.4 3.11 × 10-5 36
a Age is measured in number of experiments previously
performed in the chamber.
FIGURE 3. First-order wall loss of glyoxal under dry and humid
conditions. The slope of the lines fitted through each data set
is the first-order wall loss coefficient, kw.
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BEPOX began to repartition to the gas phase suggesting that
the walls may have become saturated and henceforth acted
as a BEPOX source. Upon dilution, the glyoxal concentration
remained constant for the first 7 h before decreasing slightly
(see bottom panel of Figure 4). The constant glyoxal
concentration during dilution reflects repartitioning from
the walls to the vapor phase. Because the walls were saturated
with glyoxal before dilution began, repartitioning commenced
immediately upon dilution. After 7 h of dilution, it is likely
that most of the glyoxal deposited to the walls had already
repartitioned to the vapor phase and been removed by
flushing, and glyoxal concentration decreased as dilution
continued. We conclude that under time scales relevant to
chamber experiments, glyoxal wall loss can be considered
reversible, whereas BEPOX wall loss is irreversible; however,
it should be noted that BEPOX wall loss is also reversible on
longer time scales.
Model Description. Interactions among BEPOX, AS+SA
seed particles, and chamber walls were considered in
developing a general model for the dynamics of a vapor that
irreversibly deposits on particles and walls. Assuming a
constant chamber volume, the time rate of change of vapor-
phase concentration, cA (molecules cm-3), is
where t is time (s),m is the total number of particle size bins,
Ci,s are the condensation coefficients to suspended particles
(molecules s-1), Ni,s are the number densities of suspended
particles (particles cm-3), Cj,w are the condensation coef-
ficients to deposited particles (molecules s-1), and Nj,w are
the number densities of deposited particles (particles cm-3);
kw has units of s-1.
The condensation coefficients describe the flux of gas-
phase species to a particle surface. For a compound
partitioning to a spherical particle with a diameter, Dp (cm),
Bowman et al. (7) employed the following condensation
coefficient
where R, the accommodation coefficient for uptake onto
seed particles, represents the fraction of collisions that result
in a vapor molecule sticking to a particle surface. Fitting
model predictions to experimental data allows estimation of
the value of R specific to a particular vapor compound. In
addition, λ is the mean free path of air (cm), jc is the mean
molecular speed of the compound (cm s-1), and cA,e is the
equilibrium concentration of the compound adjacent to
the particle surface (molecules cm-3). Particles deposited on
the chamber walls are assumed to be characterized by the
same size-dependent condensation coefficients as those
suspended when taking into account condensation to
deposited particles.
The rate of change of the particle number distribution is
affected by condensation and wall loss. Particle concentra-
tions are sufficiently small such that coagulation is neglected
for the time scale of the model; at a number concentration
of 1.2 × 104 cm-3, the characteristic time for coagulation is
1.3 days (11). New particle formation by nucleation is
neglected as the vapor concentration is relatively low. Size-
dependent particle wall loss is parametrized by i(Dp) (s-1).
Accounting for these processes in the aerosol general dynamic
equation gives the change in number distribution, n(Dp,t)
(particles cm-3 cm-1) (18)
where ID(Dp,t) (cm s-1) is the rate of change of particle
diameter as a result of condensation. For suspended particles,
the (Dp) n(Dp,t) term is a sink and for particles deposited
to the wall, the (Dp) n(Dp,t) term is a source. Assuming
spherical particles
where Cm is a mass condensation coefficient (g s-1) of the
same form as C, and Fp is the aerosol density (g cm-3).
In applying the model, initial concentrations for BEPOX
and particles were taken from those measured immediately
following BEPOX injection. No particles are assumed to be
present initially on the walls. The seed particles were divided
into 111 size bins, the same resolution as that of the DMA,
with diameters from 15 to 802 nm. The density of the organic
matter in the particle is taken as 1.25, that of low-NOx iso-
prene SOA (19). The density used in the particle number
balance is 1.60, a weighted average of the densities of AS+SA
particles and organic matter. For BEPOX, wall uptake was
governed by the experimentally determined kw vs RH
relationship. For particle wall loss, (Dp) was calculated from
particle wall loss calibration experiments.
Model Predictions. Figure 5 shows the simulation of a
BEPOX uptake experiment with AS+SA seed particles. A value
of R ) 6 × 10-4 was found to produce the best fit of both
vapor- and particle-phase processes. After the injection
period, BEPOX partitions to particles and the chamber walls.
FIGURE 4. Reversibility of BEPOX and glyoxal wall loss upon
chamber dilution with clean air. The top panel shows
experimental and calculated BEPOX concentrations using
dilution alone or wall loss (measured before the onset of
dilution as shown in the inset) and dilution as sinks. BEPOX
concentration decreases initially and begins to level off after
approximately 10 h. BEPOX wall loss is irreversible on short
time scales but becomes reversible on longer time scales. In
the bottom panel, glyoxal concentration remains constant after
dilution starts, showing that glyoxal wall loss is reversible for
all time scales. Glyoxal concentration eventually begins to
decrease as the dilution progresses, indicating that the walls
are no longer serving as a significant glyoxal reservoir. In both
panels, the tracer compound (isoprene) tracks the progress of
the dilution.
dcA
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The predicted BEPOX concentration matches that observed
(R2 ) 0.979). Prediction of suspended particle volume
concentration without particle wall loss corrections also
matches chamber observations. Any particle growth due to
BEPOX condensation is offset by particle loss to the chamber
walls; thus the suspended aerosol volume appears to
decrease.
The decrease in BEPOX concentration is the result of two
main processes: wall loss and condensation to suspended
particles. Condensation to particles deposited on the wall is
predicted to be much less than either wall loss or condensa-
tion to suspended particles; however, in chambers exhibiting
more prominent particle wall loss, this may be a larger factor
because a greater proportion of the original particles are
deposited to the walls throughout the experiment. Figure 6
shows the predicted contribution of each process. In this
case, wall uptake limits the amount of BEPOX available to
partition to particles. It should be noted that the fate of
particles, once deposited to the walls, is unknown. If the
walls are coated with material accumulated from previous
experiments not removed by baking and flushing procedures,
deposited particles may combine with this material and
interact with vapors no longer as individual particles but as
part of the coating on the walls. In this case, the deposited
particles do not act as a separate sink for BEPOX and are part
of the wall loss sink.
To accurately quantify processes occurring in the cham-
ber, suspended aerosol number distributions and volume
concentrations and vapor-phase concentrations can be
corrected for wall loss. The effects of wall loss correction
methods on predicted BEPOX consumed,∆VOC, and aerosol
growth, ∆Mo, were examined using two cases for VOC and
two cases for particles. Cases (a) and (b) are vapor-phase
assumptions in calculating ∆VOC, and cases (c) and (d) are
particle-phase assumptions in calculating ∆Mo; case (c)
represents a lower bound estimate and case (d) represents
an upper bound estimate for vapor condensation to deposited
particles, as suggested by Hildebrandt et al. (8). The equations
governing these cases are presented in Table 2. A comparison
of the vapor and particle wall loss correction cases with
experimental data is shown in Figure 7. Although experi-
mental data are corrected for wall loss with cases (a) and (c),
they do not match the corresponding model predictions.
From Figure 5, the predicted particle volume is slightly less
than the average experimental volume, thus the experiment
∆Mo will be larger than the predicted ∆Mo, and the experi-
mental data have a steeper slope than predicted case (a,c).
BEPOX wall loss is substantial such that vapor-particle
mass conservation cannot be established without determin-
ing the amount of BEPOX deposited to the wall, as seen when
comparing cases (a) and (b). The ∆VOC in case (b) is
significantly less than that in case (a). BEPOX uptake onto
deposited particles increases throughout the experiment as
more particles deposit to the wall; if corrections for this uptake
are not made, i.e. case (c), a nonlinear trend is observed
between ∆Mo and ∆VOC that leads to a smaller final ∆Mo
than case (d). After the 4 h simulated, ∆Mo for case (c) was
8.5% lower than that for case (d). This difference could
increase for chambers exhibiting more particle wall loss and
over the course of longer experiments. Theoretically, during
an uptake experiment, a plot of ∆Mo vs ∆VOC should be
linear because the mass lost from the vapor phase is
proportional to the mass gained by the particles, taking into
account the possibility of co-condensing species or further
particle-phase reactions. Incorrect wall loss assumptions
FIGURE 5. Model comparison with data from a BEPOX uptake
experiment. The model is initialized using experimental
conditions after the BEPOX injection is complete and BEPOX
concentration reaches a maximum.
FIGURE 6. Predictions for total BEPOX sinks after injection
during an uptake experiment with AS+SA seed, showing
contributions of the three different mechanisms. Wall loss is
the largest BEPOX sink for the chosen model parameters,
whereas the effect of uptake on deposited aerosol is small.
TABLE 2. Wall Loss Cases for Vapors and Particlesa
Case Calculation
(a) ∆VOC(t) ) VOCsus(0) - VOCsus(t)
(b) ∆VOC(t) ) VOCsus(0) - VOCsus(t) - VOCw(t)
(c) ∆Mo(t) ) Msus(t) + Mw(t) - Msus(0)
(d) ∆Mo(t) ) Msus(t) + Mw+cond(t) - Msus(0)
a VOCsus is the suspended VOC concentration, VOCw is
the VOC concentration deposited to the walls since time 0,
Msus is suspended particle concentration, Mw is the total
concentration of particles deposited to the walls since time
0 with no condensation to deposited particles, and Mw+cond
is the total concentration of particles deposited to the walls
since time zero allowing for condensation to deposited
particles at the same rate as condensation to suspended
particles.
FIGURE 7. Observed and predicted BEPOX uptake, ∆VOC, and
aerosol mass growth, ∆Mo, during an uptake experiment with
AS+SA seed. Wall loss cases (a)-(d) are defined in Table 2.
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could result in nonlinearities. To obtain accurate particle
wall loss corrections, it is necessary to establish the nature
of the interactions of deposited particles with vapors in the
chamber bulk; however, without this knowledge, it is still
possible to obtain upper- and lower-bound estimates to
quantify the error associated with wall loss corrections.
Implications for Chamber Experiments. To properly
understand gas-particle partitioning of a compound in a
laboratory chamber, it is necessary to determine the extent
of its interactions with the chamber walls and account for
this in designing experiments and analyzing data. Wall losses
of certain vapor compounds can be significant, depending
on the system: history of chamber walls, RH, etc. Because all
chemical species do not exhibit similar wall losses, it is
probable that wall loss is dependent on the compound’s
molecular structure, suggesting reactive uptake at the walls
in addition to diffusion. As a result, it may be possible to
predict the tendency for a compound to deposit on walls
based on its chemical structure.
During chamber experiments with a compound, such as
glyoxal, that exhibits reversible wall deposition, the walls
may become saturated with VOC before all relevant vapor-
phase reactions have been completed. In this case, the walls
may serve as a source of the vapor. As the compound reacts
or partitions to particles, some of it will repartition from the
walls to replenish what has been lost from the vapor phase.
Further complications arise in correcting for wall loss for
a compound that is a first- or second-generation oxidation
product. Wall loss may be more difficult to detect and separate
from the kinetics of further oxidation reactions or reactions
in the aerosol phase. Identifying the importance of wall loss
in later-generation oxidation products underscores the need
to understand the chemical mechanism of hydrocarbon
oxidation leading to SOA formation. With a mechanism, it
is possible to identify compounds that are structurally similar
to other compounds with substantial wall loss, the extent to
which those compounds contribute to SOA, and the relative
rates of subsequent reactions and wall loss processes.
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